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ABSTRACT 
The degree of polymerization (DP) is the main factor which plays a role in cellulose aging. 
The adverse consequence of cellulose fibers aging is the deterioration of mechanical and 
optical properties. Viscometry is a technique which is frequently used for determination of 
degree of polymerization of cellulose fibers. The aim of the work was to determine the 
degree of polymerization of cotton fabrics and to investigate the dependence of DP on 
number of washing and dying. Next task was to investigate if there exists a corellation 
between DP and results from thermal and thermo-oxidative degradation studied by methods 
of thermal analysis. First, the traditional viscometry was employed to determine DP of 
cellulose fibers. It has been demonstrated that number of washing and dying decreases the 
DP. In the second part the differential scanning calorimetry (DSC) and thermogravimetry 
(TG) were used. DSC provided values of combustion heat and TG allowed the detail 
evaluation of degradation steps; obtained results were further used for correlation with DP. 
Methods of thermal analysis revealed differences between cotton wool and treated fabrics. 
Combustion heat did not show any correlation with DP. In contrast, results from TG 
suggested some promising correlations which could be used for the prediction of cotton 
fabrics DP using thermal analysis in the future.  
 
ABSTRAKT 
Stupeň polymerace patří mezi nejdůležitější faktory ovlivňující stárnutí celulózy. Výsledkem 
stárnutí celulózových materiálů je snižování stupně polymerace a s tím spojené zhoršení 
mechanických a optických vlastností celulózových textilních materiálů. Nejčastěji užívanou 
metodou pro stanovení stupně polymerace bavlněných materiálů je viskozimetire. Cílem 
práce bylo stanovit polymerační stupeň bavlněných textílií a jeho závislost na počtu praní 
a barvení. Dalším cílem bylo zjistit, zda existují korelace mezi stupněm polymerace 
a výsledky z termické a termo-oxidační degradace, které byly studovány pomocí metod 
termické analýzy. Nejprve byla pro stanovení polymeračního stupně použita viskozimetrie. 
Bylo prokázáno, že počet praní a barvení značně snižuje stupeň polymerace. V další části 
práce byly využity metody diferenční kompenzační kalorimetrie a termogravimetrie. 
Diferenční kompenzační kalorimetrie sloužila k získání hodnot spalných tepel, zatímco 
termogravimetrická analýza umožnila získat detailní data týkající se procesů degradace; 
získané výsledky byly dále použity pro korelační analýzu. Metody termické analýzy odhalily 
rozdíly mezi surovou bavlnou a upravovanými vzorky. Ukázalo se, že v případě spalných 
tepel neexistuje korelace se stupněm polymerace. Oproti tomu výsledky z termické analýzy 
ukazují slibné korelace a přinášejí nový pohled na budoucí využití termické analýzy 
v predikci stupně polymerace bavlněných materiálů.  
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For centuries, cotton belongs to the most important natural fibers. The oldest findings of 
cotton fabrics come from India and Pakistan (4000–3000 B.C). Later, they were spread also 
to Egypt and Mediterranean region. By the end of 18th century the spinning-machine was 
invented and then development of cotton growing started [1]. 
Cotton belongs among textile raw materials which are used for manufacturing of textile fibers 
and fabrics. 
Aging of cellulose fabric is examined more than 100 years. Great emphasis is given to 
elucidate the mechanisms of aging and methods to slow the aging. Degree of polymerization 
(DP) is the main factor which plays a role in cellulose aging. The result of the cellulosic 
materials aging is the degradation of macromolecules of cellulose, increasing of the 
proportion of low molecular weight fraction and decreasing of DP. The adverse consequence 
of cellulose fibers aging is the deterioration of mechanical and optical properties. In order to 
clarify the mechanism of aging, chromatography and spectral methods are frequently used 
[2]. 
One of the most attractive applications of thermal analysis is prediction of material fate at 
specified conditions. However, since it is an indirect analytical technique, it is of great 
importance to understand the processes occurring during the thermo-analytical experiment. 
This information is very important since several conventional techniques used in processing 
industry are carried out at elevated temperatures. This is also a case of cotton fibers [3]. 
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2 TEORETICAL PART 
2.1 Cotton 
Cotton is the most important natural textile fiber in the world, used to produce apparel, home 
furnishing, and industrial products. Cotton is grown mostly for fiber but it is also a food crop – 
the major end uses for cottonseed are vegetable oil for human consumption and linters for 
batting and chemical cellulose [4]. 
Cotton fibers are seed hairs from plants of the order Malvales, family Malvaceae, tribe 
Gossypieae, and genus Gossypium. Botanically, there are four principal domesticated 
species of cotton of commercial importance: hirsutum, barbadense, aboreum, and 
herbaceum. Thirty-three species are currently recognized, however, all but these four are 
wild shrubs of no commercial value. Each one of the commercially important species 
contains many different varieties developed through breeding programs to produce cottons 
with continually improving properties, e. g., faster maturing, increased yields, and improved 
insect and disease resistance, and fibers with greater length, strength, and uniformity. 
Gossypium hirsutum includes all of the many commercial varieties of American Upland 
cotton. Upland cottons now provide over 90 % of the current world production of raw cotton 
fiber. The lengths, or staple lengths, of the Upland cotton fiber vary from 22–36 mm, and the 
micronaire value (an indicator of fiber fineness and maturity but no necessarily a reliable 
measure of the either) ranges from 3.8 to 5.0. Fiber from G. hirsutum is widely used in 
apparel, home furnishing, and industrial products. 
Gossypium barbadense provides the longest staple lengths (35 mm) and micronaire value of 
below 4.0. G. barbadense is used for the production of high quality apparel, luxury fabrics, 
specialty yarns for lace and knitted goods, and sewing thread [4]. 
The other commercial species, G. aboreum and G. herbaceum are known as “Desi” cottons, 
and are the Asiatic or Old World short staple cottons. These cottons are the shortest staple 
cottons cultivated (9.5–19 mm) and are coarse (micronaire value greater than 6.0) compared 
with the American Upland varieties. 
Modern biotechnology produces biotech or transgenic cotton. Biotech cotton is a good 
alternative for textile industry. Biotech cotton does not loose quality and enviromental 
harmlessness. Since the introduction of Bacillus thuringiensis biotech cotton in 1996, cotton 
has been one of the lead crops to be genetically engineered, and biotech cotton has been 
one of the most rapidly adopted technologies ever [4]. 
Genetically modified (GM) cotton was developed to reduce the heavy reliance on pesticides. 
The bacterium Bacillus thuringiensis produces chemical agents which are harmful only to 
a small fraction of insects and harmless to other forms of life. The gene coding for Bacillus 
thuringiensis toxin has been inserted into cotton, causing cotton to produce this natural 
insecticide in its tissues. In many regions the main pests in commercial cotton are 
lepidopteran larvae, which are killed by the Bacillus thuringiensis protein in the transgenic 
cotton that they eat. This eliminates the need to use large amounts of broad-spectrum 
insecticides to kill lepidopteran pests (some of which have developed pyrethroid resistance). 
This spares natural insect predators in the farm ecology and further contributes to non-
insecticide pest management [5]. 
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The International Service for the Acquisition of Agri-biotech Applications (ISAAA) said that, 
worldwide, GM cotton was planted on an area of 67,000 km² in 2002 (this represents 20 % of 
the world cotton production [6]. 
The cottons are almost all white (creamy yellow to bright white). In recent years, there has 
been a renewed interest in naturally pigmented and colored cottons, which have existed for 
over 5000 years. These cotton varieties are spontaneous mutants of plants that normally 
produce white fiber. 
The cottons available today are usually shorter, weaker, and finer than regular Upland 
cottons, but they can be spun successfully into ring and rotor yarns for many applications. 
Cotton grown without the use of any synthetically compounded chemicals is considered as 
“organic” cotton. Since 2001, Turkey has been the largest producer of organic cotton. 
In 2004, developing countries accounted for about 75 % of the world’s production, and 
China, the United States, India, Pakistan, Uzbekistan, Turkey, and Brazil account for over 
81 % of the world’s cotton production [4]. 
 
The cotton productivity of major countries is depicted in table 1 (years 2005) [7]. 
 
Table 1 The cotton production 










































































Figure 1 Cottonseed output in 2005, shown as a percentege of the top producers 
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Typical composition of mature cotton is shown in Table 2 [7]. 
 
Table 2 Typical composition of cotton 
α-celullose 88–96.5 % 
proteins 1–1.9 % 
pectines 1.2 % 
ash 0.7–1.6 % 
waxes 0.4–1.2 % 
sugars 0.3 % 
pigments 0.3 % 
others * 1.4 % 
* resins, hemi-cellulose, organic acids, incrusted ligneous substance 
 
Table 3 gives some of the global textile fiber consumption data [7]. 
 
Table 3 Global textile fibre consumption (Unit: 1000 tons : share % in consumption) 
Fiber Type 1994 2000 Annual Growth (%) 
Cotton 15160 (41.3) 16530 (31.2) 1.5 
Wool 1520 (4.1) 1720 (4.1) 2.1 
Cellulosic 2320 (6.3) 2280 (5.4) -0.3 
Synthetic 17720 (48.2) 21640 (51.3) 3.4 
 
2.1.1 Biosynthesis of cotton 
Cellulose is a major component of the plant cell wall, and understanding the mechanism of 
synthesis of this polysaccharide is a major challenge for plant biologists [8]. Cotton fibers 
used in textile commerce are the dried cell walls of formerly living cells. The cotton flower 
blooms only one day and quickly becomes senescent thereafter. On the day of full bloom, or 
anthesis, the flower petals are pure white in most G. hirsutum varieties. By the day after 
anthesis, the petals turn a bright-pink color, and usually by the second day past anthesis, the 
petals fall off the developing carpel (boll). The day of anthesis serves as a reference point for 
all subsequent events in seed and fiber development [9]. 
Typically, there are 20–30 ovules in a boll containing three to five segmented compartments 
(locules). The ovules are attached to the plant via a connection called the funiculus. 
Development is aborted and the resulting mote may cause problems during later fiber and 
fabric processing steps. It is possible to remove unfertilized ovules from the boll and mimic 
the conditions for seed and fiber growth in tissue culture. Two phytohormones, namely auxin 
and gibberellic acid, are required in ovule culture to stimulate seed and fiber development [9]. 
Lint fiber development initiates first at the more rounded end (chalaza) of the seed and 
proceeds around the seed surface to the micropyle. The fiber cells first assume a fairly 
rounded or bulbous appearance and are visible above the formerly smooth ovule epidermal 
surface. Approximately one out of every four epidermal cells begins this cellular 
differentiation process. The physiological and biochemical factors that regulate which 
epidermal cells will become fiber cells are unknown at present. Approximately 6–7 days later, 
a second type of fiber cells called fuzz fibers (linters) begin growing. Fuzzy fibers are 
distinguished from lint fibers by their larger perimeter, shorter length, and final chemical 
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composition. In the next phase of lint fiber development, the cells expand longitudinally, 
reaching their final length 21–26 days postanthesis. The ultimate length of fiber cells is 
controlled genetically with different cotton genotypes having fiber lengths 1–6 cm. Abnormal 
environmental conditions during cell elongation can alter the fiber cells ability to reach their 
full potential length. During the elongation phase of fiber development, the cell is delimited by 
a primary cell wall and covered by waxy layer of cuticule. The biochemistry of primary cell 
wall expansion is an active area of investigation. The biosynthesis and/or modification of 
most primary cell wall polymers is believed to occur in Golgi bodies with subsequent 
transport to the plasmalemma in small vesicles. In contrast, cellulose microfibrils of the 
secondary wall are synthesized by multisubunit ezyme complexes associated with the cell 
membrane. None of the enzymes responsible for synthesis of cotton fiber primary cell wall 
components has been isolated, purified, or characterized [9], it has been possible to obtain 
cellulose synthesis in vitro using membranes and detergent-solubilized membrane fractions 
[8]. 
At approximately 15–19 days postanthesis, lint fiber cells begin producing a secondary cell 
wall composed of highly crystalline, nearly pure cellulose, a β-D-(1,4)-glucan. Cellulose 
synthesis continues for 30–45 days until the cell wall is 12–20 μm thick. By the time the fiber 
is mature, over 90 % of the dry weight of the fiber is cellulose. Cellulose is also synthesized 
during this phase of development and is deposited between the thickening secondary wall 
and the plasmalemma. In secondary cell wall, cellulose microfibrils are deposited in a very 
ordered fashion. Concentric lamellae of cellulose microfibrils are subsequently deposited in 
a helical manner with a gradual increase in pitch. Periodically, the gyre of the helical 
microfibril orientation changes. These changes in gyre are called reversals and have been 
shown to occur at or near where fiber breakage is likely. The orientation of cellulose 
microfibrils in the cotton fiber secondary cell wall is regulated by the orientation of structures 
in the cytoplasm collectively called the cytoskeleton [9]. The organization of cellulose 
microfibrils in plant cell walls influences physical properties of the wall and thus cell 
expansion characteristics [10]. Microfibrils contain the crystalline allomorphs, cellulose Iα and 
Iβ Cellulose molecules are 500–15000 glucose units long. What controls the molecular size is 
unknown. Nascent cellulose molecules associate by van der Waals and hydrogen bonds to 
form microfibrils [11]. 
Current research indicates that the cytoskeleton has a major role in directing the deposition 
and organization of cellulose microfibrils in the cell walls of many plant systems, including 
developing cotton fibers [10]. 
The primary substrate for the enzymatic synthesis of cellulose is UDP-glucose, a molecule of 
glucose conjugated with the nucleotide base, uridine diphosphate [9]. 
Although a greater understanding of the relationship between the cytoskeleton and the fiber 
wall is needed, there is sufficient evidence to indicate that genetic manipulation of 
cytoskeletal components is one path toward future direct manipulation of cell expansion 
characteristic in many plant systems and may lead to improvements in the textile qualities of 
cotton fibers [10].  
 
2.2 Cellulose 
Cellulose is the most abundant biomacromolecule. Cellulose exists mainly in plant cell walls 
[12]. Cellulose is renewable carbon source. If cellulose will be efficiently converted to 
monomeric sugars, it can be potentially future energy source [13]. Cellulose represents 
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naturally occurring linear macromolecule and exhibits great chemical variability and potential 
in applications. The cell walls of all plants contain fibers of cellulose. Cellulose has long been 
harvested as commercial fibers from the seed hairs of cotton (over 94 % cellulose), as bast 
fibers (60–80 % cellulose) from flax, hemp, sisal, jute and ramie or as wood (40–55 % 
cellulose), which is a common building material or it is used as a source for purified cellulose. 
Wood represents a composite material with cellulose as a major part combined in excellent 
form with lignin and hemicelluloses.  
Later, ester and ether derivates of cellulose were developed, cellulose nitrate and cellulose 
acetate are important derivatives for solid-state applications. The properties of these 
chemical derivatives are based on the cellulose chain structure. Cellulose also represents 
the basic materials in papermaking [14].  
The term “cellulose” has different meanings in the various branches of science. In 1847, the 
botanist Payen originally called the main component of plant cell walls cellulose. Botanists 
still use the word in this sense, no matter whether the plant is a flowering plant, a fern or an 
alga. Fiber technology understands cellulose to mean the material that can be isolated from 
a small number of plants by definited chemical processes [15]. 
 
2.2.1 Structural properties of cellulose  
Cellulose is a semicrystalline biopolymer with microfibrillar morphology and excellent material 
properties. Structural hierarchy is shown in Table 4 [16]. Because of its linear (1,4)-β-glucan 
structure with three reactive hydroxyl groups per anhydroglucopyranose unit, cellulose has 
broad potential in the design of advanced polymeric materials [12]. Summary formula of 
cellulose is (C6H10O5)n (Figure 2). 
Pyran´s circle may occur in two different conformations: chair and tray. Chair conformation is 













Table 4 Size of cellulose in each hierarchy [17]
Hierarchy Size 
Molecule 0.33 x 0.39 nm2
Micelle 5.0 x 6.0 nm2
Micro-fibrill 25.0 x 25.0 nm2
Fibrill 0.4 x 0.4 mm2
Lamellae ~ 12.6 mm2
Cell (Cotton) ~ 314 mm2
 
Table 5 Summary structure of cellulose [18]
Level of structure  
Primary level Chemical structure that reflects the pattern of 
covalent bonding in cellulose molecules. 
 
Secondary level Conformations of individual molecules. It 
defines the relative organization in space of 
the repeat units of an individual molecule. 
This level is important in spectroscopic 
studies where the energy levels between 
which transitions are observed defining the 
molecular conformations. 
 
Tertiary level Reflects the arrangement of the molecules 
relative to each other in a particular state 
aggregation – amorphous or one or another 
of the crystalline allomorphs that occur 
because of the polymorphy characteristic of 
the crystallinity of cellulose. 
 
Typically, cellulose in all cell walls is in small, crystalline microfibrils that are arranged in 
multilayer structures. However, cellulose have many levels of organization which are 
discovered, and the special properties of cotton depend on this complexity. Although the 
cellulose molecules associate into crystallites, a certain fraction of cellulosic samples is 
considered amorphous [19], the crystalline regions are called cellulose crystallities and they 
are formed by the cellulose chains due to van der Waals interactions and hydrogen bonding 
[20]. By definition, polymers are compouds with large, but nonuniform molecular weight. 
Many polymers form small crystals that are far smaller than the infinite array of scattering 
points needed for ideal behavior in diffraction experiments. Their small sizes cause 
broadening of the diffraction lines and constitute a deviation from perfect crystallinity. Definite 
amorphous regions existed where the molecules were not part of any crystallite. While the 
fringed micelle model may apply to some polymers, there is no evidence of such organization 
in cotton or other natural celluloses. The evidence from other celluloses shows very long, 
individual crystallites. Given the moderately high crystalinity of native cotton, it is now thought 
that the amorphous contributions to the difraction pattern and other tests for crystallinity arise 
from imperfections in the crystals. These defects would include molecular ends inside the 
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microfibrils, causing discontinuities, disorder on the crystallite surfaces, and mechanical 
bending and twisting of the crystallites [19]. 
In crystalline cellulose, each cellulose chain approximates to a flat ribbon, with alternate 
glucose units facing in opposite directions. All the cellulose chains lie parallel, hydrogen-
bonded edge to edge. The weak C-H…O hydrogen bonding is thought to be the force that 
holds sheets of chains together in stacks. The crystal structure and hydrogen bonding in 
cellulose greatly limit the access to β-1,4-glycosidic bonds by reactants and catalysts. Water 
is excluded almost completely from the crystalline regions in cellulose. This limitation makes 
cellulose hydrolysis much slower than that of starch. The amorphous part of cellulose is more 
readily accessible by water and other reactants. Molecular dynamics simulations show that 
the crystalline form of cellulose has much larger cohesive energy density than noncrystalline 
forms and also show that the total number of hydrogen bonds per repeat units is eight in the 
Iα crystalline form and is only 5.3 in the amorphous form. This suggests that noncrystalline 
forms of cellulose will be more reactive [21]. 
It is well-known that cellulose has four polymorphs (Table 6), cellulose I, II, III, and IV, which 
are distinguishable by X-ray diffraction. Cellulose I is the crystal form of native cellulose and 
has big degree of polymerization. Cellulose II is generally formed in regenerated cellulose or 
mercerized cellulose. Cellulose III is prepared by treatment of cellulose with liquid ammonia 
or organic amines followed by removal of the chemicals. Cellulose IVI is prepared only from 
cellulose IIII by, for example, heat treatment in glycerol at 260 °C. Cellulose IVII is obtained 
from both cellulose II and IIIII by thermal treatment [22].  
Recent studies on crystallography of cellulose suggest that cellulose I consists of two kinds 
of crystal, Iα (triclinic) and Iβ (monoclinic) [16],[20]. α-cellulose is more abundant in nature 
than β-cellulose [21]. 
Gardiner and Sarko report that cellulose IVI and IVII have identical unit cell size but may have 
different polarity of cellulose chains, parallel for cellulose IVI and antiparallel for cellulose IVII 
[22]. 
The different methods for determination of the crystallinity (X-ray, diffraction analysis, infrared 
spectroscopy and thermal analysis) give different values for cellulose. The crystallinity of 
cotton cellulose is 60–70 % [15]. Completely amorphous cellulose can be prepared by 
saphonification of cellulose triacetate or mechanical grinding [16]. The crystalline phase can 
be investigated directly with various X-ray or particle scattering techniques, the amorphous 
cellulose can only be observed indirectly [23]. 
Some interesting details of the structure of cellulose are still unknown, for example cellulose 
synthesis complex [20]. 
 
Table 6 Cellulose modifications 
Modification Source (natural) Production (synthetic) 
Cellulose I (native cellulose) Cellulose containing algae From III H2O under pressure. 
Cellulose II  
(cellulose hydrate) 
Helicystis algae 
Dissolution and reprecipitation 
of I, mercerized fibres. 
Cellulose III - 
Careful decomposition  
of cellulose-ammonia. 
Cellulose IV Coltsfoot 




2.2.2 Chemical properties of cellulose 
Many properties of cellulose depend on its chain length or degree of polymerization (DP), the 
number of glucose units that make up one polymer molecule. Cellulose from wood pulp has 
typical chain lengths between 300 and 1700 units; cotton and other plant fibers as well as 
bacterial celluloses have chain lengths ranging from 800 to 10,000 units. Molecules with very 
small chain length resulting from the breakdown of cellulose are known as cellodextrins; in 
contrast to long-chain cellulose, cellodextrins are typically soluble in water and organic 
solvents [24]. 
The cotton fiber is predominantly cellulose and its chemical reactivity is that of cellulose 
polymer, a β-1,4-linked glucan (Figure 3). The chemical structure shows that the OH-2, OH-
3, and OH-6 are potentially available for the same chemical reactions that occur with 
alcohols. The primary OH-6 is the most available for reaction for steric reasons.  
The cotton fiber is subjected to many treatments that effect swelling and changes in its 
crystal structure. The agents employed must be able to interact with and disrupt the native 
crystalline structure in order to change it to different polymorphs. The chemical reactions of 
commerce generally involved the water-swollen fiber, which retains a highly crystalline 
structure. Reactions with this highly crystalline, water-insoluble polymer are therefore 
heterogeneous. Chemical agents that have access to the internal pores of the fiber find many 
potential reactive sites unavailable for reaction because of involvement in hydrogen bonding. 
Chemical measurements based on the reaction with diethylaminoethyl chloride under mild 
conditions showed that decreasing availability of the hydroxyl groups in cotton is: 2-OH>6-
 OH >>3-OH. The total reactivity of the hydroxyls cellulose and the relative reactivities of the 
2-OH, 3-OH, and 6-OH differ depending on the swelling pretreatment, the reagent, and the 















Figure 3 Ordinary reactions of chemical agents with cellulose are almost exclusively with 2, 
3, and 6 hydroxyl groups that are not involved in formation of the linear polymer consisting of  








Cellulose is hydrophilic and swells in the presence of water. Normally cellulose-water 
interactions are considered to occur either in the intercrystalline regions or on the surfaces of 
crystallites and the gross structure.  
It is well known that at low moisture uptakes the water associated with cellulose exhibits 
properties that differ from those of liquid water and it has been called by such terms as free 
(or not bound) water, freezing-bound water and bound (nonfreezing) water [25], [26]. The 
sum of the freezing bound and non-freezing water fractions is the bound water content [27]. 
From a review of the literature that included determinations by such techniques as NMR and 
calorimetry, Zeronian concluded that between 0.1 and 0.2 g/g of the water present in the 
fiber cell wall appeared to be bound [25]. The free water behaves like normal water in terms 
of freezing and melting, whereas the freezing-bound water exhibits considerable 
supercooling effect. The water molecules strongly bound to the macromolecule do not  
freeze, but change the physical and chemical properties of the polymer [26]. 
Free hydroxyl groups in amorphous areas of fibers have the ability to attract water molecules 
by hydrogen bonds. Ability of water sorption is limited. Cellulose hydrolysis does not occur, 
there is only swelling of fibers. Moisture in the material is present only in form of water 
absorption and in the form of water bound by hydrogen bonds. 
Bounded water can not be removed from material by the normal drying. In general, the 
cotton in the textile form is not considered to be very hydrophilic material [17]. In the drying 
process of hydrophilic polymers, it is difficult to attain a completely dry state in usual 
conditions. Hence, the dryness of the polymers is not concretely defined due to strong 
hydrogen bonding established between the hydrophilic groups and water molecules [27]. 
Another swelling reagent for cotton cellulose, which is also used industrially, is liquid 
ammonia. Anhydrous ammonia penetrates cellulose relatively easily and reacts with the 
hydroxyl groups after breaking the hydrogen bonds. The reaction occurs first in the less-
ordered regions, and gradually later in the crystalline regions of the fibers. An intermediate 
ammonia-cellulose complex, held together by strong hydrogen bonds, is formed.  
The crystallinity index decreases upon liquid ammonia treatment and rinsing with water with 
or without heating, from 79 to 30–40%, and the crystallite size decreases from 54 to 37–
34 Å. The circularity and homogeneity are also increased. The tensile strength is greatly 
increased and the elongation decreased upon stretching of the ammonia-treated fibers. The 
accessibility and consequently the dyeability of the fibers are also greatly increased. The 
interactions between cellulose and ammonia have attracted industrial attention. It has been 
suggested that the great depth of color or dye yield found with mercerized cotton is due to 
the caustic treatment inducing an abundance of large pores in the fiber. In the contrast, the 
high level of resilience associated with liquid ammonia treatment has been ascribed to a low 
level of large pores in the fiber [25]. 
Effects of the structural characteristics of celluloses on their swelling by organic solvents 
have been examined in less detail. There is a general agreement that celluloses with 






Strong inorganic acids in aqueous medium cause catalytic hydrolysis of glycosidic bonds and 
chain depolymerization [17]. The degradation of cotton by acids consist in the hydrolysis of 
glycosidic linkages as reported in Figure 4 [25]. Table 7 shows relative catalytic activity of 
selected acids. Most aggressive acids are chloric acid and sulfuric acid .[17]
The reaction takes place in three steps, the formation of a carbonium ion as the glycosidic 
bond breaks (step 2) being rate-determining. It is exactly analogous to the hydrolysis of 
simple glycosides. In a textile content only dilute aqueous acids come into contact with 
cotton, which dry out, and hydrolysis is limited to the accessible regions of the fiber. The 
products of the early stages of hydrolysis are fibrous, but those with fluidities above about 
44 rhes (1 rhe=10 m2 N-1 s-1 in SI units) are usually powders. After a certain time, the fluidity 
ceases to rise and a rate plot reaches a plateau. With native cotton this occurs at fluidity of 
50 rhes, which corresponds to a degree of polymerization of about 220. This is known as the 
leveling-off degree of polymerization (LODP), with mercerized cotton it is nearer 180. The 
particles of LODP hydrocellulose are generally identified with the crystallites in the original 
cotton. Of the three stages in the acid hydrolysis of cotton, the first is very brief with reaction 
rate 10,000 times greater than in the second stage. This is due to the presence of so-called 
“weak bonds”. The nature of the weak bonds has been the subject of controversy, but it is 
now generally accepted that they are ordinary glycosidic bonds under abnormal physical 
stress arising during the original formation of the fibers. The second stage represents the 
random hydrolysis of glycosidic bonds in the accessible regions of the fibers. The third stage 
consists in the endwise attack of acid on the otherwise impervious crystallites. Thus small 
soluble fragments are progressively removed, causing a continuous loss weight but no 
significant fall of DP. This is what would be expected if there is an exponential distribution of 
crystallite lengths and all crystallites contain the same number of chain molecules. Recent 
work has suggested that, although this may be true for mercerized cotton, it is only an 
approximation for native cotton [25]. In the presence of a strong acid and mechanical force, 
native cellulose breaks down into micro- or nanocrystalline cellulose particles with almost no 
weight loss [29]. 
The relation between DP and copper number (a number expressing the amount of copper 
reduced from the cupric to the cuprous state by a given amount of cellulosic material. It is 
useful as a measure of purity, particularly in relation to the strength and resistance to 
chemical degradation of paper and board. The copper number gives the degraded 
celluloses) therefore differs from that for normal aqueous hydrolysis [25]. The hydrolysis has 
the negative effect on its strength and stability. That is why the hydrolysis can be considered 
as degradation of cellulose. Oxidation and nitration are very useful methods in industry, 
products of these methods have wide use and importance, for example nitrocellulose or 











Figure 4 Principle of hydrolysis 
 
Table 7 Relative catalytic activity for acid hydrolysis of cellulose 
Acid Activity 
HCl  1 
HI  0.98 




HCOOH  0.071 















Polymerization is a chemical reaction in which the molecules of monomers are linked 
together to form polymers via two principal reaction mechanisms. Addition polymerization 
proceeds by chain growth and most condensation polymerizations through step growth [30].  
According to length of macromolecular chains, reaction can be divided in two groups: 
a) DP is unchanged (halogenation, esterification, and hydrolysis) 
b) DP is changed  
 I. growth of size macromolecules (grafting) 
 II. squeeze of size macromolecules (degradation by temperature, pressure, oxidation, 
hydrolytic cleavage, enzymatic cleavage).  
ad a for cellulose :  
1. increasing resistance of cellulose against decay, moisture and abrasion: through the 
action of acrylonitrile and acrylic acid ester bond arises. 
2. decrease of fire retardant of cellulose: action of 2-methylpyridine.  
3. merecerization: action of NaOH (higher gloss, higher tensile strength…) [31]. 
 
ad b I: 
1. networking – linking of polymer chains through covalent bonds. 
2. grafting – hanging side-chain on the main string macromolecules. 
 
ad b II: 
1. depolymerization – chipping monomer units from the end of string by effect of heat. 
a) polymers with quaternary carbon – depolymerization is better with decreasing 
temperature. 
b) polymers without quaternary carbon – depolymerization is worth with decreasing 
temperature. 
2. degradation – thermooxidative degradation, photooxidative degradation (occurs when 
radiation energy overcoming the strength of ties), enzymatic hydrolysis, hydrolysis. Cleavage 
of primary and secondary links is a random place in the chain, degradation occurs when the 
energy of the external action is higher than energy links in the main chain, There is 
a decrease in strength, discoloration, polymer is more fragile, degradation can occur due to 
heat, light, oxygen, water, enzyme, or mechanical action of mutual combination [31].  
 
2.2.3 Physical properties of cellulose 
Cellulose has no taste, is odourless, is hydrophilic, is insoluble in water and most organic 
solvents, is chiral and is biodegradable.  
Physical properties of cellulose are influenced by crystalline and amorphous part. Crystalline 
part is holder of strength, crystalline part influences density, stiffness, hardness, tensile 
strength, dimensional stability. Crystalline part adversely influence: flexibility, elongation, 
swelling. Amorphous part influence deformation capacity [25]. 
Cotton dries out, becomes hard and brittle and loses all elasticity at temperatures above 
25 °C. Extended exposure to light causes similar problems. A temperature range of 25 °C to 
35 °C is the optimal range for mold development. At temperatures below 0°C, rotting of wet 
cotton stops. Damaged cotton is sometimes stored at these temperatures to prevent further 
deterioration [6]. The presence of alcoholic groups -OH on carbons C6, C3 and C2 influence 
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physical, physical-chemical properties and chemical properties of cellulose. Intermolecular 
hydrogen bonds are responsible for the insolubility of cellulose in water and common 
solvents, intermolecular bonds affect the mechanical properties of macromolecules [32]. 
 
2.2.3.1 Maturity and fineness 
The term fiber maturity is generally understood to refer to the degree of development or 
thickening of the fiber secondary wall. Fiber maturity is a function of the growing conditions 
that can control the rate of wall development and also of catastrophic occurrences such as 
premature termination of growth due to such factors as insect infestation, disease, or frost.  
A term that has more recently gained popularity is the “degree of thickening”. In selecting 
cotton to be included in a manufacturing process, knoweledge of maturity is very important 
factor for determinating the quality of the products as related to dyeability and ease of 
processing [25]. 
The term fiber fineness has had many interpretations and understanding in fiber science. 
Some of the most important parameters used to define fineness include: 
1. Perimeter 
2. Diameter 
3. Cross-sectional area 
4. Mass per unit length 
5. Specific fiber surface 
 
2.2.3.2 Strength (elongation, deformation, rigidity) 
Strength is the power to resist force. In the case of an engineering material such as textile 
fibers, this can be translated as a breaking strength or the force or load necessary to break 
a fiber under certain conditions of stress. Although textiles will be forced to endure a wide 
variety of forces and stresses, experience is that tensile breaking load is an excellent 
benchmark of fiber strength [25]. 
Calculations based purely on bond strengths of the cellulose molecule would predict much 
higher strengths for cotton, but other factors also contribute significantly to determine 
ultimate fiber tenacity. These include crystallite orientation, degree of crystallinity, fiber 
maturity, fibrillar orientation, and other features of the fiber structure. 
The main purpose of testing raw cotton´s strength is to predict the strength of yarn spun from 
the fiber.  
Elongation is the ability of the fiber to undergo deformation, elasticity is its ability to return to 
its original shape when the loading is released [25]. The elasticity of cotton is imperfect 
because it does not return to its original length after stretching. 
Rigidity of the fiber is another elastic parameter that is of great significance in describing 
a fiber´s resistance to twisting. Thus rigidity will obviously have applications to the spinning of 
textile fibers.  
 
2.2.3.3 Electrical properties 
Electrical properties of fibers were first considered to be important because of the effects 
associated with the buildup of static charges that could hinder mechanical processing and 
with certain discomfort and hazards associated with electrical charges in clothing, carpets, 
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upholstery, etc. The degree to which a material is susceptible to electrical charging is 
referred to as its electrical permittivity or dielectric constant [25]. 
 
2.2.4 Influence of different parameters on structure and physico-mechanical 
properties 
It has been accepted for a long time that the molecular mass, i.e. the length of the fiber-
forming linear macromolecules, the degree of lateral order or “crystallinity” and the alignment 
of the macromolecules, i.e. their orientation with respect to the fiber axis, are the most 
important factors influencing the physico-mechanical properties of fibrous substrates [33]. 
Cellulosic fibers are especially suited and have therefore frequently been used in the past to 
study the interrelations between fine structure characteristics and the physical and chemical 
properties of fibrous substrates. The availability of a large number of methods for molecular 
and structural characterization, the relative ease of altering the molecular mass of cellulose 
by hydrolytic degradation, the good crystallization tendency and the well-defined morphology 
of cellulose fibers have made them excellent model substances for fiber investigations. Many 
of the findings obtained by studies on cellulosic fibers have greatly helped the early general 
understanding of fiber characteristics and their influence of fiber properties, thus stimulating 
knowledge for the development of synthetic fibers [33]. 
 
2.2.4.1 Effect of molecular mass and crystallite size 
Minimum molecular length is necessary for linear macromolecular substance in order to be 
suited to the formation of fibers with good tensile properties. In the case of native cellulose 
fibers this minimum molecular mass, where hydrolytically or oxidatively degraded fibers lose 
their internal cohesion and thus their tensile strength, is reported to be in the range of 
DPn=150–200 (or DPw=250–350) (DPn=number-average degree of polymerization, 
DPw=weight-average degree of polymerization) [33]. Such observations were first reported in 
the mid-1930s by Staudinger [33], [34]. Characteristic differences in the morphological build-
up are thought to be responsible for this intrinsic difference. The second significant fact 
concerning the effect of molecular mass (or length) on tensile properties also originated from 
Staudinger who demonstrated that linear relationship exists between reciprocal of the degree 
of polymerization or the molecular mass and the tensile properties of cellulosic fibers. This 
quantity was interpreted as the “Lückenzahl” or number of broken bonds in the systems [33], 
[35]. Later scientists showed that tensile strength should be a linear function of the reciprocal 
of the numerical average degree of polymerization or molecular mass [33].  
Internal cohesion and thus the tensile strength can be determined by the length of the fiber-
forming cellulose molecules and in particular by the number of intact molecular interlinks 
between the elementary crystallites in the strand of elementary fibrils forming the network of 
the fiber structure. Inside the crystallites or densely packed fibrillar aggregates the large 
number of secondary valence bonds will hold the molecules together and easily compensate 
for isolated molecular breaks [33]. 
In the case of continuous structure, where no defined morphological units exist, the fraction 
of intact bonds at a given number average degree of polymerization is directly related to the 
expression 1−1/DPn. The existence of defined morphological units, as proven to exist in the 
form of elementary crystallites in cellulosic fibers, alters this expression to 1/DPnL−1/DPn 
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(DPnL=the crystallite length expressed in number of glucose units). This expression should 
relate the effect of the degree of polymerization under the following conditions: 
a) the length of the elementary crystallites is relatively uniform, 
b) there are no or only small regions of fibrillar aggregation, 
c) the interlinks between the elementary crystallites are uniformly accessible [33].  
In the case of series of fibers of varying degrees of polymerization produced by degradation 
treatments, the interrelation outlined above will only be fulfilled when the following additional 
conditions hold: 
a) the degradation occurs preferably in the interlinking areas between elementary 
crystallites and topochemical degradation of molecules on the surface of the 
elementary fibrils and it has not effect the measurement of the effective number 
average molecular mass, 
b) the degradation does not alter the perfection of lateral order (crystallinity), the length 
of the elementary crystallites and the orientation. 
Under these conditions the tensile strength of series of fibers obtained by degradative 
treatments should be linearly related to 1/DPn [33].  
Many investigators have observed that the tensile strength of fibers degraded 
heterogeneously to various degrees does not drop over the whole range linearly with 1/DPn 
but tapers off more slowly [33], [36], [37], [38]. This is probably due to the fact that one or 
more of the conditions discussed above are not fulfilled. It was observed already in the late 
1940s that the remarkable recrystallization occurs during the hydrolytic degradation of 
cellulose substrates [33]. Howshmon demonstrated that this recrystallization actually takes 
place in the course of hydrolytic degradation due to increased mobility of the cellulose 
molecules rather than during drying after the hydrolysis, and that it is more pronounced the 
lower the crystallinity of the original cellulose substrate prior to degradation [39].  
 
2.2.4.2 Effect of degree of order or crystallinity 
The effect of the degree of lateral order or crystallinity has never been assessed with 
certainty. For a long time the available information has been mostly qualitative [33]. From 
such information Mark and Hermans concluded that the physical properties of cellulose 
fibers, such as tenacity, elongation and elasticity, ale closely related to the amount and the 
characteristics of crystalline domains in the fibers, whereas, swelling behavior, accessibility 
or reactivity are associated with the proportion and state of the amorphous areas [40], [41].  
Research has shown that for cotton fibers of constant fibrillar orientation the elongation at 
break increases with decreasing degrees of crystallinity [33].  
 
2.3 Degree of polymerization 
All industrial operations dealing with isolation, purification, or utilization of cellulose, are 
directly or indirectly concerned with the length of the polymer chain [42]. The degree of 
polymerization, or DP, is the number of repeat units in an average polymer chain at time t in 
a polymerization reaction. The length is in monomer units. The degree of polymerization is 
a measure of molecular weight (MW). For most industrial purposes, lengths in the thousands 
or tens of thousands are desired. 







MDP ≡=                     (1) 
 
Where Mn is total MW of the polymer, Mo is MW of repeating unit [43]. 
The degree of polymerization of a fiber serves as a characteristic property. This importance 
of this property is two-fold: 
a) the mechanical properties of the ultimate, and therefore of the fiber are significantly 
related to the DP of a fiber 
b) the DP value can be used to assess the degradation of cellulose caused by physical, 
chemical, or radiation damage [44]. 
Polymers with identical composition but different total molecular weights may exhibit different 
physical properties. In general, increasing degree of polymerization correlates with higher 
melting temperature and higher mechanical strength [43].  
Many important properties of the final result are determined primarily from the distribution of 
lengths and the degree of polymerization [45]. The degree of polymerization has a dramatic 
effect on the mechanical properties of a polymer. As chain length increases, mechanical 
properties such as ductility, tensile strength, and hardness rise sharply and eventually level 
off. This is schematically illustrated by the blue curve in the Figure 5 below. Figure 6 shows 
dependence of melting temperature on DP [43], [45], [46]. 































Figure 7 Effect of DP on fiber strength  
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In Figure 7 some important properties for textile fibers are shown, with increasing DP fiber 
strength decreases, processing problems are shown, decreasing DP causes deterrioration of 
fibers production [15]. 
 
2.3.1 Research related to degree of polymerization 
1. Because an absolute measurement of degree of polymerization is very difficult, if not 
impossible, it is convenient to measure a property, closely related to the chain length, such 
as the intrinsic viscosity of the cellulose dispersed in a suitable solvent. In many instances, it 
is sufficient to show differences in terms of intrinsic viscosity. However, at times, the 
measured viscosity is expressed as degree of polymerization (DP). Immergut, Ranby, and 
Mark have presented a correlation between osmotic molecular weight and viscosity data for 
a series of celluloses and cellulose nitrates. The difference between actual or contour length 
of a cellulose chain and its effective “behavior length” in solution depends on the solvent, the 
temperature, and the type of derivative, and is a function of the chain length itself. However, 
this dependence on chain length may be far greater than is generally realized [47].  
 
2. A property of “hydrocelluloses” that is receiving an increasing amount of attention is the 
level-off basic degree of polymerization (LODP), designated as DP´. This term was proposed 
[1] in lieu of the term “limiting degree of polymerization” to refer to the fact that the degree of 
polymerization (or the intrinsic viscosity) of a sample of cellulose is rapidly reduced to 
a relatively constant value upon being subjected to severe hydrolyzing treatments under 
conditions that do not produce humic substances [48]. This LODP behavior has been thought 
to be reflected by crystal sizes along the longitudinal direction of cellulose chains present in 
the original celluloses before acid hydrolysis. This hypothesis is based on the reasonable 
assumption that amorphous regions of cellulose are preferably hydrolyzed, whereas 
crystalline regions have higher resistance to the acid hydrolysis [49]. On the basis of the 
classical concept of cellulose structure, the true limiting degree of polymerization of cellulose 
is, of course, equal to 1. In other words, if the hydrolysis of pure cellulose were continued to 
completion, the end product of the hydrolysis would be mainly glucose. Many authors already 
have pointed out the factors that affect the DP´. For example, Davidson found that the fluidity 
of cellulose on oxidation and hydrolysis increases rapidly and then levels off. Nickerson and 
Habrle in their article described the attainment of a relatively constant viscosity level after 
hydrolysis [48]. Roseveare, Waller, and Wilson showed that oxidation of hydroxyl groups in 
the amorphous areas prior to hydrolysis reduced the DP´ as measured by viscosity [49]. 
They explained their data on the basis that the presence of carboxyl groups, for example, in 
the amorphous regions during the period of hydrolysis prevented recrystallization or the 
crystal growth that would normally be expected to effect a slight increase in the DP´. Nelson 
and Tripp have proposed that a plot of degree of polymerization against per cent hydrolysis-
resistant residue with time be used as a basis for establishing the DP´ value [50]. Millett, 
Moore, and Saeman used very severe conditions of hydrolysis, and their work demonstrated 
clearly that the DP´ is related to the severity of the hydrolysis conditions [51]. Data showed 
the great dependence of the DP´ on the fine structure of a cellulose or cellulose derivative 
fiber [53], [56]. 
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3. With the advent of the more rigorous concepts of cellulose as a long-chain molecule of 
high molecular weight, the deteriorating action of chemicals and heat on cellulose has come 
to be considered as a depolymerization reaction whereby the monomeric glucose anhydride 
units linked continuously in the cellulose chains become severed at irregular intervals in the 
chains, giving rise to shorter molecules. The publication of the Staudinger empirical viscosity- 
molecular weight relationship gave great impetus to the investigation of methods for the 
determination of the average molecular weights of high polymeric compounds. Data from this 
paper illustrate that a linear semilogarithmic relationship exists between the relative viscosity 
measurement and the degree of polymerization calculated from viscosity data extrapolated to 
infinite dilution [52]. 
 
2.4 Treatment of cotton 
Treatment is the best way how fibers, yarns, fabrics, knitwear and other textile products 
receive the best properties, which are necessary for the purpose of their using. Treatment is 
a summary term for a number of technological and work operations and procedure for 
changing the physico-mechanical and chemical properties of fibers, semi-finished products – 
color, luster, strength, flexibility, ability to accept or repel a variety of liquid, appearance, 
handle, heat insulation properties, shape stability and other properties.  
Chemical technology of treatment and mechanical technology of treatment are differed. 
However, in most upgrading processes combination of both techniques are used. According 
to working conditions, wet and dry treatment of textiles are recognized. Dry treatment usually 
linked to the wet treatment [57]. 
According to the achieved effects, appearance and the desired result treatment technology 
are divided as follows: 
• preparation of textile materials for their own technology of treatment, 
• pre-treatment, 
• customization, such as dyeing or printing, 
• special purpose and adjustments, 
• finishing treatment of surface appearance and properties and purpose required for 
sale. 
After all the wet processes must follow drainage and drying [57].  
 
2.4.1 Pre-treatment processes of textiles 
2.4.1.1 Singeing 
Singeing is a finishing method for smoothing surfaces of fabrics by burning and removing 
fuzz thereon, and visualizing fabric textures. A gas-singeing machine is normally employed. 
The gas-singeing machine is typically equipped with four burners, and is capable of singeing 
one or both surfaces of the fabrics. A water-cooled roller is provided at a location opposite to 
the burners, thereby enabling singeing to be performed without undermining the strength of 
even thin fabrics. It is important to set a drain temperature of the water-cooled roller in the 
range from 50 °C to 55 °C. Cautions are required because a dew-point is generated when 
the water-cooled roller is cooled down too much, and results in increased amount of 
remaining fuzz or adhered carbon. The fabric feed speed is preferably set at around 100 to 
150 m per minute [58]. 
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Type of flame: 
• tangential, 
• against war, 
• against goods [57]. 
 
2.4.1.2 Desizing 
Cotton fabrics contain primary and secondary impurities as shown in Tables 8, 9, the 
purpose of desizing and scouring is to remove these impurities [58]. 
 
Table 8 Primary impurities 
Pectic substance 2–3 % 
Cotton wax, cottonseed oil 0.3 % 
Protein 0.3–0.4 % 
Ash pigment 0.01–0.03 % 
 
Table 9 Secondary impurities 
Starch 4–6 % 
PVA 3–5 % 
Acrylic size 0.5–1 % 
Wax 0.2–0.5 % 
After-wax 0.5 % 
 
The purpose of a desizing process is to remove sizes that have been attached to warp yarns 
during a weaving process. Therefore, prior to the desizing process, the size analysis should 
be performed in order to set desizing conditions suitable for the sizes [58]. 
Ways of desizing can be categorized as follows: 
• Biological catalysts – enzymes (are sensitive to pH and the catalytic poisons) 
• Chemical catalysts 
• Oxidizers 
• Mechanical processes – mixing, fast-boiling [57]. 
 
2.4.1.3 Scouring 
To remove pectic substances and cotton wax contained in cotton woven fabrics, the use of 
caustic soda (NaOH), strong alkali, is the most effective. The caustic soda has the effects not 
only on converting water-insoluble pectose contained in pectic substances into water-soluble 
pectic acid soda, but also on hydrolyzing (saponifying) cotton wax.  
However, a single use of the caustic soda does not provide enough penetration, emulsion, 
washing, and scouring powers, and therefore a surfactant is generally used together. 
A chelating agent may also be used together to prevent insolubilization caused by calcium 
and magnesium. Also, a method of scouring with an enzyme instead of with the caustic soda 
is being considered in recent years. In this case, protopectinase is used for degrading pectin, 




The purpose of bleaching is to remove all the fibers of natural origin, color pigments, 
respectively the chemical fiber production, causing the undesirable color. 
Chemical bleaching can be divided into:  
• Oxidation bleaching is stable, because the color pigments are completely destroyed 
by oxidizing agents (H2O2, NaCl, NaClO2). These agents are rinsed by the washing. 
This type of bleaching is expensive. 
• Reduction bleaching is not permanent because the color pigments are only coverted 
to non-colored forms. This method is cheaper.  
• Optical brightening with optical brighteners. Can be done simultaneously with the 
previous bleaching, or even as a separate operation. Its principle is to shift the 
invisible ultraviolet rays into visible range, which provides higher whiteness of the 
product. 




Mercerisation is one of the most important processes of finishing cotton materials. It imports 
gloss to the fiber, increases its hygroscopicity, strength and improves its dye affinity.  
The mercerising process consists in treatment of cellulosic materials with concentrated 
solutions of caustic soda at a temperature range from 15 to 18 °C. Mercerised cellulose is 
hydrated cellulose, i.e. a product which is from the chemical point of view identical to the 
original cellulose, but differing from it in physical properties. This method was patented in 
1850 by the English calico printer John Mercer and hence forth this process has been called 
as mercerization.  
Under the action of concentrated alkaline solutions chemical, physico-chemical and structural 
modifications of cellulose take place. Chemical reactions lead to the formations of alkali 
cellulose, physical reactions, to intensive swelling of fibers and structural reactions, to 
a change in the arrangement of units in the cellulose macromolecule. Concentrated solutions 
of caustic soda cause considerable swelling of cotton fibre, the changes in cellulose physical 
properties are irreversible. When the fiber swells, its volume undergoes considerable 
changes; at maximum water absorption, the cross section of cotton fiber is increased by 40 
to 50 % with inconsiderable increase in length (about 1 to 2 %). The size of pores in the 
fibrous material is considerably increased. The main factors influencing the factors 
mercerization are temperature of treatment, the concentration of the alkali in the solution and 
additions made to the solution.  
Cellulose swelling in an alkaline solution increases with a drop of temperature. Alkali 
concentration is also of great importance for the cellulose swelling [59].  
Negative contribution of mercerization are mainly reduction of elongation and reduction of 
flexibility [57]. Change in a cross-section of a cotton fiber during a mercerization treatment is 












Figure 8 Change in a cross-section of a cotton fiber during a mercerization treatment 
1–5 Swelling process in an alkaline solution 
6 Removal of alkali by water substitution 
7 After drying 
 
2.4.1.6 Bio-treatment 
While caustic soda is used for a weight-reducing treatment of polyester, a cellulase is used 
for a weight-reducing treatment of cotton. In case of treating cotton with a cellulase, the 
weight reduction of around 1 to 5 % is usually achieved. The principle object of the weight-
reducing treatment is to improve hand feeling, but it is also utilized for other purposes such 
as removing of fibril. The most important point in the weight-reducing treatment with cellulase 
is that a physical action applied on fabrics will greatly improve the weight-reducing ratio. This 
feature cannot be seen in other treatments with enzymes, such as a desizing treatment with 
amylase, and a boil-off treatment with protease. Accordingly, machines suitable for the 
weight-reducing treatment are a washer, a jet dyeing machine, etc. in the priority order. Balls 
may be used in the washer to further increase the physical action on the fabrics. 
One thing one must be careful in the weight-reducing treatment with cellulase is a possible 
decrease in fabric strength. The extent of the decrease depends on a fabric type and an 
employed machine, and so they need to be checked every time [58]. 
 
2.5 Thermal properties of cellulose 
The thermal properties and decomposition of biomass and its components has been studied 
for a long time. Cellulose forms more than 50 % of biomass, therefore, its decomposition has 
been investigated most thoroughly. The product distribution and thermal decomposition is 
strongly influenced by different factors (purity and size of  sample, substrate type, heating 
conditions, reactor atmosphere, and catalysis). The articles of Broido and Patai first pointed 
to the roles of competing condensation, depolymerization, and fragmentation pathways in the 
solid-phase pyrolysis of cellulose [54]. Basch and Lewin put extraordinary attention to the 
influences of cellulose crystallinity and orientation on the course of pyrolysis [55]. Their 
finding that crystalline cellulose unzips preferentially to form monomer levoglucosan is of 
critical importance to the results of the research about pyrolysis of cellulose [60], [61], [62]. 
Amorphous regions form more char and crystalline cellulose more volatiles [63]. Traces of 
inorganic substances can cause changes in the decomposition mechanism of cellulose [60]. 
For example the addition of inorganic salts FeSO4 and ZnCl2 to the cellulose leads to 
dramatic changes in the product distribution and the overall course of the decomposition 
process. Some of these changes were interpreted to be due to physical infuences of the 
inorganic salts.  
Shafiadeh et al., Sekiguchi studied the combustion properties of cellulose and cellulosic 
chars with and without inorganic additives. Using thermogravimetry, they followed the 
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thermal decomposition of cellulose and investigated the resulting chars by infrared 
spectroscopy, 13C NMR spectroscopy, and oxidative thermal analysis. The addition of small 
amount (1 mol %) of simple inorganic salts resiltes in a wide variety of changes. MgCl2 does 
not influence the reactions responsible for the overall weight loss but decreases the 
production of several minor products by factors of 2–4. NaCl causes some changes in the 
DTG curves (earlier onset and less sharpness) while increasing the total amount of low 
molecular weight products by a factor of about 3 and considerbaly decreasing the amount of 
some minor components. FeSO4 resultes in a shift of 50 °C in the DTG peak maxima with 
only a minor influence on the product distribution. ZnCl2 leads to double DTG peak, the first 
peak is associated with dehydration reaction, while the second peak resembles that of the 
untreated sample [62].  
The thermal degradation of cellulose occurs at temperature exceeding 200 °C (between 250 
and 360 °C). Nada and Hassan (2000) also studied the thermal behaviour of cellulose. They 
found out that the water loss up to 120 °C is followed by a two step thermal decomposition of 
cellulose. Hatakeyama and Nakamura found out that vaporization peak is split in two peaks, 
one is around 60 °C and the second around 120 °C similarly as in Nada an Hassan´s paper 
[27]. The minor decomposition reaction takes place at around 250 °C and the major 
decomposition at around 320 °C [26], [64]. 
At pyrolysis temperature, cellulose decomposes into permanent gas mixture of CO and CO2, 
volatile compounds including water, levoglucosan, furfural, and other furans [64]. Furan 
derivates take place in the amorphous areas of cellulose as major constituents, and a solid 
char residue [63], [64].  
The formation of H2O, CO, and CO2 is mainly due to secondary reactions involving the 
primary pyrolysis products [62]. High temperature gasification produces a gas containing H2, 
CO2, CH4, CO, and C2H4. The formation of volatile organic compounds by pyrolysis of pure 
cellulose involves the splitting out an individual glucose unit from the polymer chain which 
then rearranges into levoglucosan, furan, and furan derivatives [64]. Extensive lists of 
products, together with their chromatographic retention data and mass spectral patterns, 
have been published for cellulose pyrolysis. These lists show that a variety of pyran and 
furan derivatives, linear carbonyl compounds, and even aromatics, e.g. phenols, can be 
obtained from cellulose. Py-GC-high resolution MS detected 96 compounds during cellulose 
pyrolysis. Twenty-five of these components had not been identified by earlier workers. 
At pyrolysis of cellulose two primary decomposition pathways have been identified: 
1. transglycosidation, leading to the formation of levoglucosan (relatively stable product, 
levoglucosan is believed to be formed mainly from crystalline regions) [60], [63]
2. reverse aldolization, which explain hydroxyacetaldehyde evolution 
3. tentative elimination – proposed by Lomax (1991) in order to explain the formation of 
dehydrated products (e.g. oligomers) [60]. 
The choice of pathways is also a function of the degree of polymerization (however DP would 
not have an effect on the Ea for the first pyrolysis stage, which occurs below about 300°C) 
[60], [63], extraordinary influence have salts and metal ions (for example the addition of 
0.05 % NaCl to ash-free cellulose reduces the yield of levoglucosan by a factor of 6, and 
increases the glyceraldehyde yield by a factor of 40.) Temperature has only a weak influence 
on the productivity of the two pathways [65]. It was the biggest surprise (discovered by 
Piskorz, Radlein, Scott 1986) that major pyrolysis pathway leads to formation of 
glyceraldehyde from cellulose. Although glyceraldehyde had been identified earlier as 
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a major component of the oxygenated products of cellulose pyrolysis no one expected its 
yield to reach (or exceed) 10 % by weight of the original feed [65]. 
When biomass is pyrolyzed under industrial conditions, higher reaction rates are detected in 
the center of a cellulose cylinder than on the surface. This is explained by the autocatalytic 
effects of the products. Some authors found out that the using of steam or closed sample 
holders decreased the decomposition temperature of cellulose and increased the char yield. 
They explained this observation as an autocatalytic effect of water on the decomposition [60]. 
Unmodified cotton flamed vigorously and quickly produced a small quantity of char that was 
completely reduced by afterglow to an ash residue. By contrast, the oxidized cellulose 
burned in a desultory manner leaving a bulky char with practically no afterglow [66]. This 
marked improvement seems related to the fact that for oxidized (modified) cellulose, 
eliminating the 6-OH by oxidation had prevented formation of levoglucosan; thus, production 
of flammable decomposition products was materially diminished. A recent work on thermal 
degradation of cotton cellulose in vacuum has provided additional support for this 
mechanism. This work showed that splitting of the 1,4-glycosidic linkage with isomerization to 
levoglucosan is the main reaction path and hydrolysis, oxidation, and dehydration are 
secondary effect. Further, authors hypothesised that suitable chemical modification of the 
primary alcohol group at the 6C of the glucose anhydride unit of the cellulose chain prevents 
formation of levoglucosan in those glucose residues which were modified, thus, decreased 
flammability and improved glow resistance result [66].  
A great deal of study has been made of the effect of additives as flame retardants in the 
pyrolysis of cellulose. Madorsky et al. (1956) used DSC and TG to determine the effect of 
sodium carbonate and potassium bicarbonate. DSC measured the energy absorbed or 
released as the temperature of the sample was increased at constant rate. TG recorded the 
loss of sample mass as the temperature was increased. This combination provided the basis 
for selecting the most promising temperatures for the fixed-bed reactor experiments [64].  
The main cellulose thermal degradation pathway is endothermic, in the absence of mass 
transfer limitations that promote char formation. The enthalpy of the process is about 538 J/g. 
It is concluded that this enthalpy mainly reflects a latent heat requirement for vaporizing the 
primary tar decomposition products. The enthalpy of cellulose pyrolysis is supposed to be 
a function of the pyrolysis conditions. It appears difficult to predict this enthalpy a priori [67]. 
 
2.5.1 Thermal stability of polymers 
Thermal stability is a resistance against degradation upon exposure to elevated 
temperatures in an inert atmosphere (typical inert environment is vacuum and gases such as 
nitrogen, argon and helium). 
Thermooxidative stability is a resistance against degradation upon exposure to elevated 
temperatures in an oxidizing environment (typical oxidizing environment is air, which contains 
molecules of oxygen). 
There are numerous techniques for measuring thermal and thermooxidative stability. Some 
techniques use the resistance to deterioration of certain key physical properties at elevated 
temperatures as their criterion for stability, other techniques use the resistance to mass loss 
at elevated temperatures as their major criterion. Some materials can degradate without 
loosing much of their mass (for example chemical bonds can break and other bonds can 
form). 
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2.5.2 Effect of structure on thermal and thermooxidative stability 
Some articles and reviews provide extent overview of the relationship between the structure 
and the thermal stability of polymers (for example Arnold, Hergenrother, Wright). 
General trends can be summarized as follows: 
1. The strength of covalent bonds, especially the weakest backbone bonds, is the most 
important factor in determining the thermal and thermooxidative stability. 
2. Some types of secondary chemical interactions (van der Waals, hydrogen bonding). 
3. Crosslinking increases the thermal stability. 
4. High average chain molecular weight favors greater thermal and thermooxidative stability.  
5. Structural defect and irregularities may function as initation sites for degradation and 
therefore decrease thermal and thermooxidative stability. 
6. Ordering of polymer chain (for example crystallinity), molecular symetry, resulting 
regularity of the chemical structure usually increase the thermal and thermooxidatve stability. 
7. Aromatic funcionalities increase the thermal and thermooxidative stability, aromatic 
funcionalities with fused rings increase thermal stability more than individual aromatic rings 
[68]. 
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3 METHODS AND MEASUREMENTS 
3.1 Viscometry 
Viscosity is a principal parameter when any flow measurements of fluids, such as liquids, 
semi-solids, gases and even solids are made. Viscosity measurements are carried out in 
conjunction with controlling of product quality and efficiency. Anyone involved in flow 
characterization, in research or development, quality control or fluid transfer, at one time or 
another gets involved with some type of viscosity measurement. 
Rheological relationships are useful for understanding of behavior of fluids  
There are many different techniques for viscosity measurement. Today's instruments vary 
from the simple to the complex: from counting the seconds for a liquid to drain off a stick to 
very sophisticated automatic recording and controlling equipment.  
 
3.1.1 Viscosity 
Viscosity is the measure of the internal friction of a fluid. This friction becomes apparent 
when a layer of fluid is made to move in relation to another layer. The greater the friction, the 
greater the amount of force required to cause this movement, which is called shear. Shearing 
occurs whenever the fluid is physically moved or distributed, as in pouring, spreading, 
spraying, mixing, etc. Highly viscous fluids, therefore, require more force to move than less 
viscous materials [69]. All real fluids (except superfluids) have some resistance to stress, but 
a fluid which has no resistance to shear stress is known as an ideal fluid. The study of 
viscosity is known as rheology [70].  
The word "viscosity" derives from the Latin word "viscum" for mistletoe. Viscous glue was 
made from mistletoe berries and used for lime-twigs to catch birds [71]. 
 
3.1.1.1 Viscosity coefficients 
Viscosity coefficients can be defined in two ways: 
• Dynamic viscosity, also absolute viscosity, the more usual one 
• Kinematic viscosity is the dynamic viscosity divided by the density 
Viscosity is a tensorial quantity that can be decomposed in different ways into two 
independent components. The most usual decomposition yields the following viscosity 
coefficients: 
• Shear viscosity – the most important one, often referred to as simply viscosity, 
describing the reaction to applied shear stress, it is the ratio between the pressure 
exerted on the surface of a fluid, in the lateral or horizontal direction, to the change in 
velocity of the fluid (it is referred to as a velocity gradient). 
• Volume viscosity or bulk viscosity - describes the reaction to compression, essential 
for acoustics in fluids (sound attenuation). 
Alternatively 
• Extensional viscosity – a linear combination of shear and bulk viscosity, describes the 
reaction to elongation, widely used for characterizing polymers [72]. 
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3.1.2 Viscosity measurement 
A viscometer (also called viscosimeter) is an instrument used to measure the viscosity of 
a fluid. For liquids with viscosities which vary with flow conditions (i.e. so-called Non-
Newtonian liquid), an instrument called a rheometer is used. Viscometers only measure 
under one flow condition [73]. 










Figure 9 Rheometer  
 
For measurement of kinematic viscosity the glass capillary viscometer is commonly used. 
The extensional viscosity can be measured with various rheometers that apply extensional 
stress.  
Volume viscosity can be measured with acoustic rheometer [74]. 
 
3.1.3 Viscometry for the determination of DP 
Viscometry can be used for determination of molecular weight of various polymers. Due to 
their high polydispersity coefficient, the molecular weight of a polymer is expressed as the 
viscosity average molecular weight. This form of the molecular weight is found as a function 
of the viscosity of the polymer in solution (viscosity determines the rate at which the solution 
flows – the slower a solution moves, the more viscous it is said to be – and the polymer 
molecular weight influences the viscosity [52]. 
Absolute measurement of degree of polymerization is very difficult, if not impossible, it is 
convenient to measure a property, closely related to the chain length, such as the intrinsic 
viscosity of the cellulose itself or of one of its derivatives dispersed in a suitable solvent. In 
many instances, it is sufficient to show differences in terms of intrinsic viscosity. However, at 
times, the measured viscosity is expressed as degree of polymerization (DP) [47]. 



















Figure 10 Ubbelohde viscometer, A is top guideline, B is bottom guideline [77]. 
 
Specific viscosity is determined at one concentration and the intrinsic viscosity is calculated 








η ⋅+= 1    (2) 
 
Where [η] is intrinsic viscosity, ηsp is specific viscosity, K is Huggin´s constant (0.28), c is 
concentration of cellulose (g/100 ml) 
 
Degree of polymerization is calculated according Studinger´s formula: 
 [ ] DPK ⋅= ´η    (3) 
 
Where K´= 6.1·10-3 (temperature 25 ± 0.05 °C), DP is degree of polymerization 
 
Viscosimetry is very fast and simple method for determination of degree of polymerization. 
However, this method has several disadvantages. Viscosimetry provides only the value of 
viscosity average molecular weight (Mv). The average value of molecular weight is not 
evidence of distribution of molecular weight of polymer substances, however the distribution 
is not dependent on measurement conditions – solvent and temperature. Another 
disadvantage is the degradation of cellulose when certain solvents are used . [2]
 
3.2 Thermal analysis (TA) 
Thermal analysis represents a family of thermoanalytical techniques which are defined as 
a group of techniques in which a property of the sample is monitored against time or 
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temperature while the temperature of the sample, in specific atmosphere, is programmed 
[78]. 
 
This programme may take following forms: 
a) The sample may be subjected to a constant heating or cooling (equation 4). 
 





          (4) 
 
where T is temperature, t is time, β is rate of heating or cooling. 
 
b) The sample can be held isothermally (β=0). 
c) A modulated temperature programme can be used where for example a sinusoidal is 
superimposed onto the underlying heating rate (equation 5). 
 
                              tAtTT t ωβ sin0 ++=       (5) 
 
where T is temperature, T  is starting temperature, A  is amplitude of the temperature 
modulation, ω is modulation of frequency.  
0 t
 
d) A stepwise or complex programme can be used to simulate special industrial or other 
processes. 
e) The heating may be controlled by the response of the sample itself (high resolution mode). 
, .[79] [80]
 
The advantages of TA: 
1. The sample may be studied over a wide temperature ranges using various temperature 
programmes. 
2. Almost any physical form of sample (solid, liquid, gel) may be accommodated using 
a variety of sample vessels or attachments. 
3. A small amount of sample is required. 
4. The atmosphere in the vicinity of the sample can be standardized. 
5. The time required to complete experiment ranges from several minutes to several hours. 
 
TA data are indirect and that is why data are sometimes necessary to combine with results of 
spectroscopic measurements (NMR, FTIR) [81]. 
 
3.2.1 Thermal analysis Instrumentation  
The modern instrumentation used for any experiment in the thermal analysis is usually made 
up of four major parts: 
 The sample and a container or holder, 
 Sensors to detect and measure a particular property of the sample and to measure 
temperature, 
 an enclosure within which the experimental parameters may be controlled, 
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 a computer to control the experimental parameters (temperature programme, to 
collect data from sensors, etc.). 
 
The more frequently used thermal analysis techniques are listed in Table 10. 
Table 10 The most common forms of TA .[80]
TA method Abbreviation Property 
Thermogravimetry TG Mass 
Differential thermal analysis DTA Difference temperature 
Differential scanning calorimetry DSC Enthalpy 
Thermochemical analysis TMA Deformation 
Dynamic mechanical analysis DMA Moduls – mechanical behaviour 
Dielectric thermal analysis DETA Electrical 
Evolved gas analysis EGA Gases evolved or reacted 
Thermooptometry TO Optical 
Thermosonimetry TS Sound 
Thermoluminiscence TL Light emmited 
Thermomagnetometry TM Magnetic 
 
3.2.2 Thermogravimetry 
Thermogravimetry is a technique of thermal analysis and it has been defined by ICTAC (the 
International Confederation for Thermal Analysis and Calorimetry) as a technique in which 
the mass change of a substance is measured as a function of temperature while the 
substance is subjected to a controlled temperature programme. The temperature programme 
must be taken to include holding the sample at a constant temperature other than ambient, 
when the mass (m) change is measured against time. The mass loss then appears as a step. 
An alternative presentation of results is to take the derivative of the original experimental 
curve to give dm/dt, or rate of mass loss against time, and to plot that against temperature, 
T or time, t. Alternatively the derivate may be against temperature T giving dm/dT. The 
production of such curves is called derivative thermogravimetry (DTG) [80]. 
The mass change characteristics of a material are strongly dependent on the experimental 
conditions employed. Factors such as sample mass, volume and physical form, the shape 
and the nature of the sample holder, the nature and pressure of the atmosphere in the 
sample chamber and the scanning rate all have important influences on the characteristics of 
the recorded TG curve [81]. 
Measurements of changes in sample mass with temperature are made using 
a thermobalance. The thermobalance is a combination of suitable electronic microbalance 
with furnace, temperature programmer and computer [82]. 
The furnace can be above, below or around the side arm of the balance. Atmosphere around 
the sample is completely separated from the balance mechanism. The balance is often 
mounted in a glass envelope, sometimes a metal one. Several types of balance have been 
used in the past, such as pivoted beam, cantilever beam and torsion. The modern 
microbalance has a rotating pivot, as used in galvanometer, and is controlled electronically 
using a zero detection device. The control system varies the current passed trough the coil to 
attempt to keep the beam of the balance in the zero position. Early apparatuses used large 
sample of one gram or more, but the modern tendency is to use 10–100 mg, and sometimes 
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only 1 mg. The disadvantage is that the sample will not be at uniform temperature at any 
time.  
The simplest TG experiment would be to heat the sample in static air. However, the sample 
may react with air in oxidizing or burning. Usually an inert gas such as nitrogen or argon is 
used. 
Part of thermobalance is made up from crucibles. Crucibles are made of various materials. 
The best ones are made of platinum or Al2O3 [80]. 
The most frequent use of TG is determining the material thermal stability, relative volatility 
and also process kinetic [83]. 
 
3.2.3 Differential Scanning Calorimetry (DSC) 
Differential scanning calorimetry (DSC) belongs to the group of thermoanalytical methods 
[78]. 
In differential thermal analysis, the temperature difference between a sample and a reference 
is determined as a function of time, providing useful information about the temperatures, 
thermodynamics and kinetics of reactions. Differential scanning calorimetry has a similar 
output, but the sample energy change during a transformation is measured directly [84]. 
The basic theories to be used in thermal analysis are equilibrium and non-equilibrium 
thermodynamics and kinetics [78]. These measurements provide quantitative and qualitative 
information about physical and chemical changes that involve endothermic processes, heat 
flow into the sample, or exothermic processes, heat flows out of the sample, or changes in 
heat capacity which is a glass transition [85]. Endothermic process – sample absorbs heat, 
exothermic process – sample releases heat. For example, the melting of a solid material will 
absorb heat, where the thermal energy is used to promote the phase transformation. The 
instrument will detect that the sample is cooler than the reference, and will indicate the 
transformation as an “endotherm” on a plot of differential temperature versus time [84]. 
The first commercial DSC instrument was introduced by Watson and his co-workers at 
Perkin Elmer (Model DSC-1) in 1964 [85]. Watson, et al., also appears to be the first to have 
used the nomenclature differential scanning calorimetry. Their instrument, a power-
compensating DSC (Figure 11), maintained a zero temperature difference between the 
sample and the reference by supplying electrical energy (hence, the term power-
compensation) either to the sample or to the reference, as the case may be, depending on 
whether the sample was heated or cooled at a linear rate. The amount of heat required to 
maintain the sample temperature and that of the reference material isothermal to each other 
is then recorded as a function of temperature. Moreover, in power-compensation DSC, an 
endothermic transition, which corresponds to an increase in enthalpy, is indicated as a peak 
in the upward direction (since power is supplied to the sample), while an exothermic 
transformation, a decrease in enthalpy, is shown as a negative peak [86]. 
Essentially the heat-flux type (Figure 12) of DSC measures the difference in temperature 
between the sample and reference as a function of time, and since the temperature varies 
linearly with time, as a function of temperature as well. The heat-flux is actually derived from  
a combination of the ΔT (t) curve and the dΔT(t)/dt, both of these are transparent to the user 
since the electronics used yield a direct heat flux value from these terms. An endothermic 
signal is in the negative direction, while an exothermic signal is the upward direction [86]. 
 39
(This type of DSC are manufactured by other companies such as for example TA 






































Figure 12 The heat flux arrangement [79]. 
 
The advantage of the heat-flux type is that it can accommodate larger sample volumes, has 
a very high sensitivity, and can go above 800 °C. The disadvantage is lower sensitivity and 
slower response. The main advantage of the power-compensation calorimeter is that it does 
not require a calibration in that the heat is obtained directly from the electrical energy 
supplied to the sample or reference compartment (a calibration is still necessary, however, to 
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convert this energy into meaningful units) and that very fast scanning rates can be obtained. 
The electronic system must be of extremely high sensitivity and large fluctuations in the 
environment must be absent so as to avoid compensating effects which are not due to the 
sample and it can be considered as disadvantages of this system. Also, the complexity of the 
electronics prevents the system from being used above 830 °C [86]. 
 
3.3 Thermal analysis in cellulose study 
Thermal analysis is fast, precise and very attractive approach to research various 
substances such as cellulose.  
 
Study of Tg (Temperature of glass transition) 
The glass phase transition in cellulose was studied using the DSC method, both in heating 
and cooling runs, in a wide temperature range from −100 °C to 180 °C. It is shown that the 
DSC cooling runs are more suitable for the glass phase transition visualisation than the 
heating runs. The discrepancy between glass phase transition temperature Tg found using 
DSC and predictions by Kaelbe’s approach are observed for ‘‘dry’’ (7 and 5.3 % water 
content) cellulose. This could be explained by strong interactions between cellulose chains 
appearing when the water concentration decreases. The Tg measurements vs. moisture 
content may be used for cellulose crystallinity index determination [26]. 
The glass phase transition of cellulose was studied in several papers. Kargin et al. (1960) 
investigated the cellulose doped with triethylphenylammoniumhydroxide using the 
mechanical method. The Tg point was taken as the temperature at which the signal changed 
its steady state value. Extrapolation of the Tg dependence to zero concentration of the 
solvent yielded the value of the glass transition temperature for ‘‘dry’’ cellulose of about 
220 °C [87]. 
The extremely high glass transition temperature of dry cellulose (220–250 °C) was reported 
by Kargin et al. (1960) [87], Goring (1963) [88], Akim (1977) [89], Kalaschnik et al. (1991) 
[90], which was well above the decomposition temperature. Batzer and Kreibich (1981) used 
differential scanning calorimetry (DSC) technique to study glass transformation of cellulose 
with different water content. The DSC method proved to be very useful for studying synthetic 
polymers, but this appeared not to be the case for cellulose due to rather small changes in 
heat capacity [91]. 
Vittadini et al. (2001) did not find the Tg of cellulose with different moisture contents (0–19%) 
(DSC measurement) [92]. The influence of water on the glass transition temperature of 
cellulose was investigated by Salmén and Back (1977) using the so-called Kaelbe’s 
approach and compared their results to experimental data of Kargin and Ogiwara [93]. The 
problem was also studied by Hancock and Zografi (1994) using Gordon–Taylor/Kelley–
Bueche relationship for calculation of Tg [94]. 
It is well known that the glass transition strongly depends on the crystallinity degree of the 
polymer. This also holds for cellulose (e.g. Goring 1963; Ciolacu and Popa 2006) [88], [95], 
[26]. The determination of the glass phase transformation, especially of dry cellulose, is not 
a trivial task. In the literature only a few experimental data are available on the influence of 
water content on the thermal behaviour and glass phase transition of cellulose (Goring 1963; 
Batzer and Kreibich 1981; Ogiwara et al. 1970) [88], [91], [96]. This is due to difficulties in Tg 
determining by DSC as pointed out by Vittadini et al. (2001) [92]. Moreover, there are 
discrepancy between experimental data (Batzer and Kreibich 1981) [91] and theoretical 
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predictions (Hancock and Zografi 1994) [94]. These facts inspired authors of article [26] to 
study the problem of the glass phase transition of cellulose having different water content 
using DSC, DTA and TG techniques.  
DSC method has been used by Hatakeyama where glass transition of cellulose acetates with 
various degrees of substitution and molecular mass was investigated. When molecular mass 
increases, thermal decomposition starts immediately after completion of melting or glass 
transition. Tg increases with increasing molecular weight. When the degree of substitution 
decreases, Tg maintains a constant value regardless of molecular weight. With increasing 
degree of substitution, Tg decreases due to expansion of intermolecular distance [16]. 
 
Crystallinity 
Ciolcu and Popa have investigated using differential thermal analysis (DTA) and thermal 
gravimetry (TG) the stability of cellulose samples with different crystallinity indexes. They 
have shown that the lower the crystallinity of the polymer the lower is its thermal stability [26]. 
When an amorphous sample of cellulose is heated by DSC in water eliminated conditions, 
a broad exotherm due to recombination of hydrogen bonding can be observed in 
a temperature range from 100 to 178 °C [16]. 
 
Water content 
The TG method enables the direct assessment of water content in the cellulose [26]. 
 
Degradation kinetics 
Schultz, McGinnis et al. used TGA for determination of kinetic order of cellulose pyrolysis. 
1st- and 2nd-order rate expressions gave statistically good fits for the control samples, while 
the treated samples (by boric acid and phosphoric acid) were statistically best analyzed by 
2nd-order kinetics. The rate constants, 1st-order activation parameter, and char/residue 
yields for the untreated samples were related to cellulose crystallinity. In addition, (ΔS*) 
values for the control samples suggested that the pyrolysis reaction proceeds through an 
ordered transition state. Their results also suggest that certain thermally-stable, weak 
polybasic acids which can complex with polysacharides may provide fire-resistant properties 
to lignocellulosics. The 1st-order rate constant, and also the 0- and 2nd-order rates, 
appeared to be related to crystallinity, with the more crystalline samples having smaller rate 
constants [63].  
Degradation kinetic of cellulose was determinated also by other authors who used TG and 
DSC [61], [65], [97]. 
 
Enthalpy 
When cellulose molecular chains are arranged in one direction, enthalpy of transition 
decreased since the intermolecular bondings are easily formed [16]. 
Schultz, McGinnis et al. used thermogravimetric analysis (TGA) measures for pyrolysis of 
cellulose and rates mass loss and activation parameters. Samples were isothermally 
pyrolyzed under N2 at selected temperatures and the TGA data analyzed by four methods 
(0 -, 1st-, and 2nd-order, and Wilkinson´s approximation) to obtain rates of mass loss. From 
these rates activation entropy (ΔS*) and enthalpy (ΔH*) values were obtained. Ea was also 
determined by the integral isoconversional method.  
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For all samples, including the treated celluloses, Wilkinson´s approximation generally gave 
unrealistic rate constants, reaction orders, and especially Ea´s [63]. 
 
Other methods of TA were described in section 2.5 Thermal properties of cellulose. 
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4 THE AIM OF THE WORK 
The thesis is devoted to investigate the degree of polymerization of cotton fabrics by 
traditional and non-traditional techniques. Aging of cellulosic materials is degradation 
process connected with shortening of chain length and also with decreasing of  
polymerization degree. Viscometry is very simple and traditional approach for determination 
of degree of polymerization. However, it is time consuming technique demaning on the 
sample preparation and therefore, the search for new, more precise, reproducible and faster 
method is of a great importance . 
The first aim of the work was to determine the degree of polymerization of cotton fabrics and 
to identify if dying and number of washing have influence on values of degree of 
polymerization. For this purpose, viscometry was employed.  
Next part is focused to determine the thermal, thermo-oxidative degradation profiles and 
combusiton heat of cotton fabrics and raw cotton sample using TG and DSC, respectivelly. 
As a result the main parameters describing the thermal behavior of investigated samples will 
be obtained. In the last part, obtained data from DSC and TG will be correlated with 
polymerization degrees obtained by viscometry. This should reveal if there exists 
a relationship between degree of polymerization and thermoanalytical-degradation profile 
obtained by thermal analysis and if this possible relationship should be used for the 
prediction of polymerization degree instead of the time consuming viscometry. 
 44
5 EXPERIMENTAL PART 
5.1 Samples 
Raw cotton wool and ten different types of cotton fabrics samples were obtained from Textile 
Experimental Institut in Brno (Czech Republic) (Table 11). 
Before analysis, samples were cut into very small pieces (average 2–3 mm). For viscometry, 
cottons were disolved in ammoniacal solution of cupric sulphate. Solution was prepared 
according to norm number 68 4061 i.e.: 160 g CuSO4·5H2O was dissolved in 800 ml H2O and 
then NH4OH was added in amount 200 g. Further, water was added to obtain 2000 mL. Then 
the viscosity of samples was measured by viscometry and degree of polymerization was 
obtained.  
For thermogravimetry (TG), differential scanning calorimetry (DSC) the solid samples were 
used. DSC was used for determination of combustion heat while TG to obtain the 
degradation profile parameters.  
 
Table 11 Samples of cotton 
Sample Color Properties Description of sample for 
measurement 
cotton wool white  1 
CHZ05/961 (1) red  2 
CHZ05/961 (1) white  3 
CHZ05/961 (3) white  4 
CHZ05/961 (3) red  5 
CHZ05/1135 white 0x washed 6 
CHZ05/1135 white 50x washed 7 
CHZ05/994 white 0x washed 8 
CHZ05/994 white 10x washed 9 
CHZ05/994 white 30x washed 10 
CHZ05/994 white 50x washed 11 
 
5.2 TG measurement 
Thermogravimetric analysis of all samples was carried out. TA Instruments TGA Q5000IR 
with dynamic air atmosphere was used, connected to the PC, where experimental data were 
collected. The furnace was calibrated using Curie temperatures of nickel and alumel. Each 
sample was loaded into an open platinum crucible. Mass of samples was 1.5–5 mg. The air 
(thermo-oxidative degradation) and nitrogen (thermal degradation) flow rate was set at 25 ml 
per minute The heating rate was 10 °C per minute from the room temperature to 650 °C. All 
obtained results were evaluated by means of TA Universal analysis 2000 software. 
 
5.3 DSC measurement 
Calorimetric measurements of all samples were perfomed employing Shimadzu DSC-60. 
The instrument is connected through TA-60WS work station to the computer. The furnace 
was calibrated using melting and fusion temperatures of indium, tin, lead and zinc. Each 
cotton sample was measured in the open aluminum crucible, empty pan was used as 
a reference. Mass of sample was approximately 1–2 mg. The air flow rate was 25 ml per 
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minute. Samples were heated from room temperature to 600 °C. Obtained results were 
evaluated by means of TA-60WS software. 
 
5.4 Viscometry 
Viscosity measurements were carried out in ammoniacal solution of cupric hydroxide 
(preparation described in 5.1) using Ubbelohde viscometer (U2, diameter of capillary 
0.65 mm). Viscosity was measured at 25 °C (±0.05 °C). Solution was poured into measuring 
capillary using nitrogen under pressure. Flow times were determined repeatedly by means of 
a split-second electric stop clock. A solvent blank (ammoniac solution without cellulose) was 
run with each series of determinations. Obtained results were evaluated by means of MS 
Excel®. 
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6 RESULTS AND DISCUSSION 
6.1 Viscometry 
In this part of the work, the degree of polymerization of different types of cotton materials was 
measured. As it can be seen in Table 12, materials varied in number of washing and in their 
colors. In the first step, the effect of washing on degree of polymerization was determined 
according to the procedure described in Experimental section, i.e. the viscosity of cellulose 
solutions was measured. 
 
Degree of polymerization (DP) was calculated according to aforementioned Studinger´s 
formula: 
 [ ] DPK ⋅= ´η    (3) 
 
Where [η] is intrinsic viscosity, K´= 6.1·10-3 (temperature 25 ± 0.05 °C) 
 









η ⋅+= 1    (2) 
 
Where K is 0.28, c is concentration of cellulose (g/100 ml) [47]. 
 
Determined values of polymerization degree are listed in Table 12. 
 
Table 12 Values of degree of polymerization for different types of cotton 






cotton wool white  1 2450 
CHZ05/961 (1) red  2 563 
CHZ05/961 (1) white  3 1026 
CHZ05/961 (3) white  4 710 
CHZ05/961 (3) red  5 353 
CHZ05/1135 white 0x washed 6 1583 
CHZ05/1135 white 50x washed 7 1421 
CHZ05/994 white 0x washed 8 1561 
CHZ05/994 white 10x washed 9 1536 
CHZ05/994 white 30x washed 10 1382 
CHZ05/994 white 50x washed 11 1301 
 
Degree of polymerization obtained for 11 samples of cotton material is in range from 353 to 
2450. Error of measurement is not greater than 1 % from measured value. Cotton wool, 
which was not processed, i.e. it did not undergo any physical-chemical modification, showed 
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the biggest degree of polymerization (2450). As it can be seen, the presence of color 
appeared to be an important factor for degree of polymerization. Degree of polymerization in 
sets with white and red cotton materials showed a decreasing tendency. Differences in 
degree of polymerization were approximately 500 units. From this point of view, it can be 
said that dying has a great influence on the number of glucosic units and DP. Data listed in 
Table 12 reveals the effect of washing on the degree of polymerization. As expected, the 
degree of polymerization is decreased with increasing number of washing. 
 
6.2 DSC measurement 
In this part, the influence of variable degree of polymerization and physical properties of 













































Figu ders re 14 DSC report of cotton wool with identified shoul
 
The representative records of DSC curves reported in Figure 13 show the enthalpic changes 
in the course of the thermo-oxidative degradation of cotton material. All DSC records of 
modified samples showed similar records. In principal, the exothermic peaks shown in Figure 
13 reflect the processes of degradation of tested samples, it means that the degradation 
proceeded in two main steps. First exothermic peak (including cotton wool) can be observed 
in the temperature interval 300–330 °C. Second peak appeared around 500 °C for all 
modified samples (450 °C for cotton wool).  
 
Comparison of exotermic peaks depicted in Figures 13 and 14 reveals the differences 
between degradation profile of cotton wool and processed fibers. It is necessary to mention 
that exothermic peaks represent the total heat evolved during degradation and therefore it is 
likely that they include several overlapping processes. Figure 14 suggests that there 
occurred higher number of degradation steps in the cotton wool than in the cotton fiber. 
Further, the onsets of exothermic process of cotton samples begin at higher temperature 
than in cotton wool sample (210°C). It appears the kinetics of degradation of cotton wool is 
faster and culminates at 450 °C, modified samples seem to be more resistant against 
thermo-oxidative treatment. The peaks area integration gave the values of combustion heat, 
those are reported in Table 13. Values of combustion heat of cotton sample are in the range 
from 1.72 kJ/g to 4.60 kJ/g.  
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Table 13 Values of combustion heat 







cotton wool 1 2450 4.51 
CHZ05/961(1) 2 563 3.20 
CHZ05/961 (1) 3 1026 2.54 
CHZ05/961 (3) 4 710 2.30 
CHZ05/961 (3) 5 353 2.86 
CHZ05/1135 6 1583 4.16 
CHZ05/1135 7 1421 4.60 
CHZ05/994 8 1561 2.01 
CHZ05/994 9 1536 1.72 
CHZ05/994 10 1382 4.44 
CHZ05/994 11 1301 3.38 
 
6.3 TG measurement in air – thermo-oxidative degradation 
The main goal of this part was the evaluation of the thermo-oxidative stability, determination 
of degradation profiles of cotton samples and characteristic properties from TG records 






















 Figure 15 Degradation profile of cotton sample and determination of characteristic 






















Figure 16 Degradation profile of cotton sample and determination of characteristic properties 
from DTG records 
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An examplary comparison of thermo-oxidative TG degradations of modified cotton samples 
(samples 10 and 5) are given in Figure 17. 
 
Figure 17 Thermo-oxidative degradation profiles of cotton samples 10, 5 TG and DTG (small 
frame) 
 
The TG records show two stage process of mass loss, reflecting the thermo-oxidative 
decomposition of modified cotton. As can be seen in Figure 17, during the increase of 
temperature from room temperature to about 120 °C the decrease in the mass of the sample 
from 2.6 to 3.8 % takes place. This process corresponds to the loss of moisture from the 
cotton sample. At higher temperatures, further loss of the sample mass is observed. The first 
step of cotton mass loss can be observed between 304–314 °C for modified cotton, around 
285 °C for coloured cotton (onset point), it is followed by the second one in the range from 
429 °C to 470 °C. The maxima value of peak of derivative curves for first step of degradation 
impends at temperature 335–352 °C, at this temperature the rate of degradation and mass 
loss are the highest, for second step maxima peak is at temperature 488–504 °C for 
unmodified samples, 473 °C for coloured samples. These two steps are connected with 
change of the initial mass of cotton of 51.5–59.4% (coloured cotton around 64 %) and 23.6-
33.9 %, respectively. At the end of the analyses, i.e. 503–521 °C for unmodified samples, 
495–497 °C for coloured cotton, cotton samples have 0 % of their initial mass and 
degradation is clearly finished. The two-step thermal decomposition of cotton samples above 
220 °C confirms earlier observation of Szcześniak and Rachocki [26].  
Similar records were obtained for the rest of modified cotton samples. Figure 17 displays the 
similarity of two samples: modified cotton samples and colored samples. 
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Tables 14 and 15 summarize results obtained from thermo-oxidative degradation profile of 
modified cotton samples. 
 
Table 14 DTG onset and peak temperature of modified cotton samples 
Sample 1st onset point 
(°C) 






2 284 440 335 472 
3 312 473 343 494 
4 314 468 343 485 
5 287 429 335 474 
6 313 444 352 492 
7 304 470 349 504 
8 311 456 349 491 
9 310 443 350 488 
10 314 449 351 492 
11 313 460 350 496 
 















2 2.6 63.2 23.7 7.2 0.89 
3 2.7 59.9 24.6 6.9 0.54 
4 2.6 59.4 24.0 7.1 0.46 
5 3.1 64.6 23.3 7.2 0.89 
6 3.5 52.3 31.3 5.9 0.87 
7 3.0 51.5 31.9 6.3 0.84 
8 3.6 53.1 31.6 6.1 0.79 
9 3.8 55.4 28.4 6.3 0.91 
10 3.1 56.6 28.1 6.8 1.02 
11 2.7 56.8 28.3 6.6 0.79 
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Figure 18 TG and DTG curves of cotton wool 
 
Figure 18 reports the TG/DTG records obtained for cotton wool which is slightly different in 
comparison with other samples.  
First, DTG peak has a small shoulder which is possibly caused by the overlapping of two 
peaks. This shoulder suggests the occurrence of another degradation step. This finding does 
not correspond to literature data [26], which describes degradation of cellulose as a two-step 
decomposition process; in contrast, that observation was confirmed in experiments with 
modified cotton.  
Table 16 summarizes all results from experiments performed on cotton wool. Comparison of 
data reported in Table 16 with Tables 14 and 15 reveal the most important difference 
between cotton wool and modified samples. Temperature of onset points and first peak 
temperature of cotton wool occurred at lower temperature, cotton wool contained higher 
moisture content, rate of the degradation for the first step is lower but second step is higher. 
Differences can be also seen for colored cottons: onset points and peak temperatures are at 
lower temperatures than those for modified cotton but higher than for cotton wool. First mass 
loss and also rate of degradation is bigger for colored samples and, in contrast, second step 
of mass loss is lower (in comparison with cotton wool). 
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Table 16 Results from TG measurement of cotton wool 
Quantity Values 
1st onset point (°C) 244 
2nd onset point (°C) 422 
1st peak temperature (°C) 336  
2nd peak temperature (°C) 443 
Moisture (%) 5.2 
1st  mass loss (%) 55.2 
2nd mass loss (%) 32.8 
Rate of degradation in first step (%·min/°C) 5.5 
Rate of degradation in second step (%·min/°C) 1.35 
 
6.4 TG measurement in nitrogen – thermal degradation 
Thermal degradation profile and stability of cotton samples were obtained by measurement 
of TG in the atmosphere of nitrogen. 
Figure 19 TG curves – degradation profiles of cotton samples 10, 1, 5 in nitrogen 
 
As can be seen in the Figure 19 there are two stages of mass loss, which can be attributed 
to the moisture evaporation up to 120 °C, and thermal decompostion of the cotton samples at 
higher temperature. Therefore, the degradation of cotton in nitrogen atmosphere proceeded 
in one step, as reflected by one DTG peak. Apparently thermal degradation differs from the 
combustion (degradation in air atmosphere) such process can be, in fact, called as pyrolysis. 
Similarity of TG and DTG curves suggest that thermo-oxidative degradation processes have 
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also similar mechanisms. Three extreme cases: modified cotton, colored cotton and cotton 
wool are compared in Figure 19. 
The progressive increase in temperature is associated with loss of the sample mass. For 
modified cotton, mass loss was observed between 305 °C and 324 °C. Decomposition 
temperatures of colored samples started between temperatures from 289 to 296 °C, those 
temperatures are similar to temperatures for the first degradation steps of themo-oxidative 
degradation. Onset temperature of cotton wool was 279 °C. The maxima value of derivative 
curves degradation can be seen between temperatures from 336–366 °C, at this 
temperature, both the rate of degradation and mass loss are bigger. This step is connected 
with change in the mass of modified cotton in the range 64.9–69.4 % (colored cotton around 
72 %) and 58.5 % for cotton wool. The end of the pyrolysis is at temperatures from 390–
395 °C for modified samples and 376 °C for cotton wool; the char of modified cotton samples 
was between 6–12 % of their initial mass, cotton wool had 17.6 % while its degradation was 
not still terminated. Similar records were obtained also for the rest of cotton samples.  
Similarly as in case of TG in the air, cotton wool and colored samples showed differences 
from modified samples. Degradation began first in cotton wool and then was followed by 
degradation of colored samples and modified cotton. Cotton wool showed the slowest 
degradation kinetics and the biggest amount of initial mass was saved, by the contrast, the 
colored cotton was subjected fastest to degradation and only 6 % of initial mass was saved. 
Table 17 summarizes results from data evaluation obtained from degradation profile of cotton 
samples. 
 















1 279 372 341 5.2 58.5 6.6 
2 289 396 336 3.4 71.4 7.9 
3 324 395 364 3.2 69.4 8.1 
4 305 394 365 3.5 68.4 8.0 
5 297 392 343 3.3 72.1 8.2 
6 324 397 364 3.9 65.0 7.4 
7 318 394 365 3.9 66.6 7.6 
8 316 391 363 4.1 64.9 7.5 
9 320 398 365 3.6 66.6 7.8 
10 323 393 364 3.7 68.4 7.7 
11 321 394 366 3.9 67.9 7.8 
 
The results from TG thermal and thermo-oxidative degradations were used for correlation 
with the degree of polymerization. Obtained correlations are discussed in further paragraphs.  
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6.5 Correlation between DSC, TG and viscometry data 
The main goal of this work was to assess whether results from TG and DSC measurement 
can be used for the prediction of degree of polymerization or if these results have some 
relationship with DP. 
 
Figure 20 shows the relationship between mass loss and degree of polymerization from TG 
measurement under nitrogen atmosphere. Graph indicates some correlation between mass 
loss and DP. Correlation can be described by the exponential equation in the graph. Data 
reliability is 0.964. Blue point in graph is value of DP (710) showed a significant deviation and 





















Figure 20 Relationship between mass loss and degree of polymerization (TG in nitrogen) 
 
Figure 21 shows relationship between rate of thermal degradation and degree of 
polymerization from TG measurement. Correlation between rate of degradation and DP is 
described by the exponential equation, data reliability is 0.929. Blue eliminated points are 




















Figure 21 Relationship between rate of degradation and degree of polymerization (TGA in 
nitrogen) 
 
Figure 22 shows a weak correlation between moisture and degree of polymerization from 
nitrogen measurement (TG). Correlation is described by exponential equation in graphs. 





















Figure 22 Relationship between moisture and degree of polymerization (TG in nitrogen) 
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Figure 23 shows relationship between mass loss and DP from thermo-oxidative degradation. 
The correlation is described by the exponential function with a decreasing trend. Equation of 
exponential function is given in graph. Data reliability is 0.901. Blue eliminated points are 





















Figure 23 Relation between 1.mass loss and degree of polymerization (TGA in air) 
 
Figure 24 shows relationship between rate of thermo-oxidative degradation and DP. 
Correlation is fitted by the exponential function with a decreasing trend and the equation of 
exponential function reported in graph. Data reliability is 0.920. Blue eliminated point is value 




















Figure 24 Relationship between rate of degradation in the first step and degree of 
polymerization (TGA in air) 
 
 Figure 25 shows relationship between moisture and degree of polymerization from air 
measurement (TG). Correlation is described by the exponential function with increasing 
tendency and fitting exponential function reported in graph. Data reliability is 0.944. Blue 
eliminated points are values of DP 353, 1536. It can be seen that the correlation is very weak 




















Figure 25 Relationship between moisture and degree of polymerization (TG in air) 
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As can be seen in Figure 26 there is no apparent relationship between degree of 
polymerization and combustion heat from DSC measurement. From Table 13 one can see 






















Figure 26 Graph of dependence of heta combustion of cotton samples on degree of 
polymerization 
  
These all graphs indicate weaker or stronger correlations between results from TG and DSC 
under different conditions and degree of polymerization. Reported equations can be 
considered only as a hint to push forward further efford to predict the degree of 





In this work the degree of polymerization was assessed by means of viscometry which 
served for determination of degree of polymerization of 11 cotton samples. Results were 
compared with results obtained by techniques of thermal analysis – DSC (thermo-oxidative 
degradation) and TG measurements (both thermal and thermo-oxidative degradations). The 
results brought some relatively close correlations between measured parameters, partially 
justifying the idea about relationship between results from thermal analysis and degree of 
polymerization. It is task for the next investigator to collect higher number of cotton samples, 
confirm and extend conclusions given in this work.  
The conclusions and observations are summarized in next paragraph. 
 
• Washing and dying of cotton fibers have an important influence on the degree of their 
polymerization. 
• Combustion heat showed no relationship with the degree of polymerization. 
• Modified samples showed similar thermal and thermo-oxidative degradation 
mechanisms. 
• Cotton wool showed completely different behavior in thermal properties and also 
different degradation profile (3 degradation step instead of two). 
• Colored cotton showed also different thermal properties in comparison with treated 
white samples. 
• Some relationship, basically non-linear, between degree of polymerization and results 
obtained from TG measurement were found. 
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9 LIST OF ABBREVIATIONS 
AT amplitude of temperature modulation 
β linear constant heating (or cooling) rate 
c  concentration 
DETA dielectric thermal analysis 
DMA dynamic mechanical analysis 
DP degree of polymerization 
DP´ leveling-off degree of polymerization (=LODP) 
DPn number-average degree of polymerization 
DPnL the crystallite length expressed in number of glucose units 
DPw weight-average degree of polymerization 
DSC differential scanning calorimetry 
DTA differential thermal analysis 
DTG  derivative thermogravimetry 
Ea activation energy 
EGA evolved gas analysis 
FTIR Fourier transform infrared spectrometry 
GM genetically modified 
ΔH* activation enthalpy 
ICTAC The International Confederation for Thermal Analysis and Calorimetry 
ISAAA The International Service for the Acquisition of Agri-biotech Applications 
K Huggin´s constant 
LODP leveling-off degree of polymerization 
m mass 
Mn total molecular weight 
M0 molecular weight of repeating unit 
MV average molecular weight 
MW molecular weight 
[η] intrinsic viscosity 
NMR nuclear magnetic resonance 
ηsp specific viscosity 
Py-GC-MS pyrolysis gas chromatography mass spectrometry 
ΔS* activation entropy 
t time 
T temperature 
T0 starting temperature 
Tg glass transition temperature 







Xn degree of polymerization (=DP) 
ω modulation frequency 
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